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mPleckstrin Homology Domains: t
wTwo Halves Make a Hole?
4
d
nIn a recent issue of Nature, van Rossum et al. report
sbinding of a “split” pleckstrin homology (PH) domain
from phospholipase C-1 to the TRPC3 ion channel. iThrough sequence analyses and in vitro studies, they t
suggest a novel mode of protein-protein interaction in p
which two PH domain fragments in distinct proteins a
associate to form an “intermolecular” PH domain that Pbinds inositol phospholipids and is required for ion t
channel location and function. m
(
Of the protein modules that drive intermolecular in- t
teractions in cellular signaling, pleckstrin homology t
(PH) domains are among the most numerous. They may s
also be the most functionally diverse. Indeed, sequence “
profiles used to recognize PH domains primarily reflect m
their structural characteristics and identify a subset of c
sequences that can adopt (in w100 amino acids) a t
seven-stranded β sandwich structure with a C-terminal f
α helix (Lemmon and Ferguson, 2000). This “PH domain S
superfold” appears to represent a particularly stable r
structural scaffold that is adaptable to many different F
functions. w
PH domains as initially identified are best known for e
their ability (in a few cases) to bind inositol phospholip- P
ids and thus recruit their host proteins to cellular mem- m
branes (Lemmon and Ferguson, 2000). For example, P
the phospholipase C-δ1 (PLC-δ1) PH domain recognizes q
phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) and c
is used as a green fluorescent protein (GFP) fusion to d
locate that lipid in living cells. Several other PH do- r
mains (such as that from Akt/PKB) specifically recog- d
nize phosphoinositide 3-kinase products and aretransiently recruited to the plasma membrane in a sig-
nal-dependent manner. However, genome-wide studies
in yeast have shown that most PH domains do not re-
cognize specific inositol phospholipids (Yu et al., 2004),
and for the great majority the functional role remains
unknown.
When PH domains were first identified, sequence
analysis suggested that phospholipase C-γ1 (PLC-γ1)
contains a split PH domain with its two halves flanking
the sequence of the SH2-SH2-SH3 region (Figure 1).
This is in addition to an N-terminal PH domain impli-
cated in binding phosphoinositide 3-kinase products.
The significance (if any) of the PLC-γ1 split PH domain
was unknown. Now a recent report by van Rossum et
al. in Nature (van Rossum et al., 2005) suggests an in-
triguing function for the C-terminal half of this split PH
domain (PHC in Figure 1) in controlling cell surface ex-
pression of the transient receptor potential (TRP) C3
channel. Previous studies by the Snyder group showed
that PLC-γ is required for agonist-induced entry of ex-
ternal Ca2+ through plasma membrane channels (Pat-
terson et al., 2002), but its catalytic activity is not in-
volved. A region of PLC-γ containing the SH3 domain
lus PHC was found to be critical for this requirement
nd could interact with the N terminus of the TRPC3
nd TRPC4 ion channels in yeast two-hybrid screens.
ow, van Rossum et al. have narrowed down the deter-
inants of this interaction to just the C-terminal half of
he PLC-γ1 split PH domain (PHC), which associates
ith a region of TRPC3 centered around residues 40–
6 in its N terminus. Preventing this interaction by RNAi
epletion of PLC-γ1 or by mutating the TRPC3 N termi-
us causes a dramatic reduction in cell surface expres-
ion of the ion channel (but not in total TRPC3 levels).
Thus, van Rossum et al. appear to have identified an
nteraction between PLC-γ1 and TRPC3 that is impor-
ant for expression of the channel at the cell surface,
roviding an explanation for the PLC-γ requirement in
gonist-induced Ca2+ entry. Since the binding site on
LC-γ1 is a predicted partial PH domain (PHC), the au-
hors hypothesized that its interaction partner in TRPC3
ight represent a complementary PH domain fragment
equivalent to PHN) that can associate with PLC-γ1 PHC
o form a complete PH domain (Figure 1 inset). To assess
his possibility, the authors developed an interesting
equence analysis algorithm for uncovering potential
invisible” partial PH domains. To search for N-ter-
inal PH domain fragments in TRPC3, for example,
andidate stretches of TRPC3 sequence were fused to
he first residue of a consensus C-terminal PH domain
ragment sequence, and the NCBI Conserved Domain
earch (CDS) was queried to determine whether each
esulting hybrid represents a complete PH domain.
rom this analysis they suggest that the amino terminal
40–60 amino acids of TRPC3 can “complement”
ither a consensus C-terminal PH domain fragment or
LC-γ1 PHC. However, it should be noted that a chi-
eric sequence containing this region fused to PLC-γ1
HC is not identified as a PH domain by SMART se-
uence analysis, and the 3D-PSSM Protein Fold Re-
ognition Server does not assign the correct (i.e., PH
omain-like) secondary structure to the TRPC3-derived
egion. It is also unclear where the putative partial PH
omain in TRPC3 might end and where the predictedankyrin repeats begin (around residue 38). Thus, the
Previews
575Figure 1. Domain Architecture of PLC-γ1 and TRPC3 and Schematic Representation of PH Domain Complementation in Their Association
Constituent domains of PLC-γ1 and TRPC3, as defined by the SMART database, are depicted for each protein (and are drawn approximately
to scale). The central hypothesis that arises from the work by van Rossum et al. (2005) is that the C-terminal part of the split PH domain from
PLC-γ1 (blue semi-circle) drives PLC-γ1 interactions with TRPC3 by interacting with another partial PH domain in the amino terminus of TRPC3
(red hatched semi-circle). As schematized inside the box, the interaction between these two partial PH domains is hypothesized not only to
drive TRPC3/PLC-γ1 association but to reconstitute a functional PH domain that can bind PtdIns(4,5)P2.identification of a hidden partial PH domain in the
TRPC3 amino terminus is far from unequivocal.
Intriguingly, though, van Rossum et al. report that
separately expressed polypeptides corresponding to
PLC-γ1 PHC and the N-terminal 171 amino acids of
TRPC3 (including the putative PHN) can “collaborate”
to bind inositol phospholipids (particularly PtdIns(4,5)P2)
in an in vitro lipid overlay assay and that this collabora-
tion requires their direct interaction. They therefore
suggest that the two protein fragments associate to
form a functional phosphoinositide binding PH domain
(Figure 1) and present data indicating that this phos-
phoinositide binding is important for plasma membrane
expression of TRPC3. Regulation of ion channels by
PtdIns(4,5)P2 is an area of very active investigation.
There are examples of channels that are activated by
this phosphoinositide, others that are inhibited, and still
others that seem to be insensitive (Hilgemann et al.,
2001). In most cases, little is known about how
PtdIns(4,5)P2 achieves its modulatory effects, and se-
quences that resemble PH domains or other phospho-
inositide binding modules have not been identified.
Based upon their findings with TRPC3 and PLC-γ1, van
Rossum et al. suggest that interactions of other ion
channels with regulatory proteins may drive the forma-
tion of intermolecular PH-like domains that might regu-
late the response of the channel to PtdIns(4,5)P2. For
example, van Rossum et al. suggest that the region of
the TRPV1 channel implicated in its PtdIns(4,5)P2 regu-lation (Prescott and Julius, 2003) represents a partial
PH domain.
Considering PH domain structure leads initially to
skepticism about how feasible functional complemen-
tation between PH domain “halves” would be. The hy-
drophobic core of each half-domain would be exposed,
so it is difficult to understand how the fragments could
exist as independent entities without significant confor-
mational changes. However, in vitro studies have dem-
onstrated that a functional PLC-δ1 PH domain can be
reassembled from two separately expressed fragments
similar in size to the two parts of the split PLC-γ1 PH
domain (Sugimoto et al., 2003). The GFP β barrel can
also be refolded or complemented from two individually
expressed fragments (Hu et al., 2002)—a reaction that
is subject to similar structural considerations. Thus,
there are clear precedents for such complementation.
It is also conceivable, as noted by Patterson et al.
(Patterson et al., 2002), that the two halves of the split
PLC-γ1 PH domain (or any other split PH domain) are
stabilized by intramolecular interactions with one an-
other. Promoted perhaps by interactions with the in-
tervening regulatory domains (Figure 1), the N-terminal
half of the PLC-γ1 split PH domain (which comprises
three predicted β strands) might be displaced from
such an “intramolecular” PH domain by a three-
stranded region in the TRPC3 N terminus to form an
“intermolecular” PH domain. Although highly specula-
tive in this case, there is structural evidence for such β
Cell
576strand exchange in the formation of SH3 domain di-
mers (Kishan et al., 1997), for example, and a similar
split domain reassembly has been proposed for regu-
lated self-association of membrane-associated guany-
late kinases (McGee et al., 2001). Whether this is the
correct way to look at the complex described by van
Rossum et al., however, will only be determined by
structural studies. If it is, then the versatility of the PH
domain superfold is even greater than imagined, and
these findings may provide clues to the function of
many PH domains that we currently do not understand.
Moreover, the van Rossum et al. study suggests that
the puzzle of phosphoinositide regulation of a plethora
of ion channels might have an unexpected solution.
Mark A. Lemmon
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